
Electrophobic Scalar Boson
and Muonic Problems

Yu-Sheng Liu

University of Washington

Collaborate with David McKeen and Gerald A. Miller

Phys. Rev. Lett. 117, no. 10, 101801 (2016)

1



Muonic Problem

• Proton Radius Puzzle

• Lamb Shift in 2𝑆1/2 − 2𝑃3/2 in 𝜇H [1,2]

𝑟𝑝 = 0.84087(39) fm

• CODATA 2014 from L.S. in H and 𝑒−𝑝 scattering [3]
𝑟𝑝 = 0.8751(61) fm

• More than 5𝜎 away

• 𝑒−𝑝 scattering? Nuclear theory? New physics?
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Muonic Problem

• Muon Anomalous Magnetic Moment

𝑎𝜇 =
(𝑔 − 2)𝜇
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• The measurement at BNL [1] differs from SM prediction [2,3] by more 
than 3𝜎 away.

• Δ𝑎𝜇 = 287 80 × 10−11
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New Physics

• A Scalar Boson, 𝜙, can solve both problems [1,2].

• Assume Yukawa Interaction ℒ ⊃ 𝑒𝜖𝑓𝜙𝜓𝑓
𝜓𝑓,

where 𝜖𝑓 =
𝑔𝑓

𝑒
, and 𝑓 = 𝑒, 𝜇, 𝑝, 𝑛, etc.

• The classical potential between 𝑓1 and 𝑓2 by exchanging a scalar 
boson is

𝑉𝜙 𝑟 = −𝜖1𝜖2𝛼
𝑒−𝑚𝜙𝑟

𝑟
.

4

[1] D. Tucker-Smith and I. Yavin, Phys. Rev. D 83, 101702 (2011).

[2] E. Izaguirre, G. Krnjaic, and M. Pospelov, Phys. Lett. B 740, 61 (2015).



New Physics

• Make no other a priori assumptions.
(𝜖𝜇 = 𝜖𝑝 [1], 𝜖𝑛 = 0 [1,2], mass-weighted [2], etc.)

• 𝜖𝜇𝜖𝑝 > 0 (using Lamb Shift of 𝜇H)

• Without lose of generality, we set 𝜖𝜇 > 0 and 𝜖𝑝 > 0.

• 𝜖𝑒 and 𝜖𝑛 are allowed to have either sign.
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Muon and Nucleon Observables

• The Lamb shift using laser spectroscopy in muonic hydrogen, 
deuterium, and helium-4

• (𝑔 − 2)µ

• Low energy scattering of neutron on 208Pb

• The NN scattering length

• The binding energy per nucleon in nuclear matter

• The binding energy difference of 3He and 3H
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Electron Observables

• Electron Beam dump experiments, E137, E141, and Orsay.

• (𝑔 − 2)𝑒
• Resonance in Bhabha Scattering

• The Lamb shift using laser spectroscopy in electronic hydrogen
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Coupling to Electron 𝜖𝑒

• A: APEX, HPS, DarkLight, VEPP-3, MAMI, MESA, etc.

• B: de-excitation of 16O∗ [1].

• A1 at MAMI and BaBar, 
Astronomical observables,
Kaon decay, etc.

• mass-weighted 𝜖𝑙 ∝ 𝑚𝑙
𝑛

• electrophobic
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coupling to proton coupling to muon

coupling to neutron
coupling to electron
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𝜇H Lamb Shift

• 𝛿𝐸𝐿
𝑙𝑁 = −

𝛼

2𝑎𝑙
𝜖𝑙𝜖𝑁𝑓(𝑎𝑙𝑁𝑚𝜙)

(for lepton-nucleus)

𝑓 𝑥 =
𝑥2

(1+𝑥)4

𝑎𝑙𝑁 is the Bohr radius

• 𝛿𝐸𝐿
𝜇H

= −0.307(56) meV
[1-4]
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𝜇D and 𝜇4He+ Lamb Shift

• 𝛿𝐸𝐿
𝑙𝑁 = −

𝛼

2𝑎𝑙
𝜖𝑙𝜖𝑁𝑓(𝑎𝑙𝑁𝑚𝜙) (for lepton-nucleus)

𝑓 𝑥 =
𝑥2

(1+𝑥)4
,  𝑎𝑙𝑁 is the Bohr radius

• 𝛿𝐸𝐿
𝜇D

= −0.409 69 meV [1,2]

• 𝛿𝐸𝐿
𝜇4He+

= −1.4(1.5) meV [3,4]
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Low Energy Neutron Experiments

• Measuring total cross section of Scattering of neutron on 208Pb

• In [1], it is assumed 𝑔𝑝 = 𝑔𝑛 = 𝑔𝑁 ,

𝑔𝑁
2

4𝜋
≲ 8 × 10−23

𝑚𝜙

eV

2

.

• Using the replacement
𝑔𝑁
2

4𝜋
→ 𝛼𝜖𝑛

𝐴 − 𝑍

𝐴
𝜖𝑛 +

𝑍

𝐴
𝜖𝑝
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NN scattering length

• Δ𝑎 = ത𝑎 − 𝑎𝑛𝑝, ത𝑎 =
𝑎𝑝𝑝+𝑎𝑛𝑛

2

• Δ𝑎exp = 5.64 60 fm [1], Δ𝑎th = 5.6 5 fm [2]

• Δ𝑎𝜙 = ത𝑎𝑎𝑛𝑝𝑀0׬
∞
Δ𝑉 ത𝑢𝑢𝑛𝑝𝑑𝑟

𝑀 =
𝑚𝑝+𝑚𝑛

2
; Δ𝑉 = −

1

2
(𝜖𝑝 − 𝜖𝑛)

2𝑒−𝑚𝜙𝑟;

𝑢(𝑟) is the zero energy 1𝑆0 wave function, 
𝑢(𝑟) → (1 − 𝑟/𝑎) as 𝑎 → ∞.

• Δ𝑎𝜙 < 1.6 fm
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Nucleon B. E. in Nuclear Matter

• The volume term in the semiempirical mass formula

• Nucleon self-energy correction in 𝑁 = 𝑍 nuclear matter using Hartree
approximation

𝛿B𝑁 =
1

2𝑚𝜙
2 𝑔𝑁 𝑔𝑝 + 𝑔𝑛 𝜌 +⋯

𝜌 ~0.08 fm−3

•
𝛿B𝑝+𝛿B𝑛

2
=

1

4𝑚𝜙
2 𝑔𝑝 + 𝑔𝑛

2
𝜌

•
𝛿B𝑝+𝛿B𝑛

2
< 1MeV
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B. E. difference of 3He and 3H

• 2
3He-1

3H binding energy difference (763.76 keV)

• Coulomb interaction: 693 keV

• Charge asymmetry of 𝑝 and 𝑛: 68 keV [1-5]

• Contribution from scalar boson potential
2𝛼

3𝜋
0׬
∞
𝑞2𝑑𝑞

𝜖𝑝
2−𝜖𝑛

2

𝑞2+𝑚𝜙
2 𝐹 𝑞2 < 30 keV [2,6-8]
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Electron Beam Dump Experiments

• Search for new particle [1-3]

• E137 (20 GeV, 30C) [4]

• E141 (9 GeV, 0.32 mC) [5]

• Orsay (1.6GeV, 3.2 mC) [6]
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(𝑔 − 2)𝑒

• Δ𝑎𝑙 =
𝛼

2𝜋
𝜖𝑙
2𝜉

𝑚𝜙

𝑚𝑙
, 𝜉 𝑥 = 0׬

1 1−𝑧 2(1+𝑧)

(1−𝑧)2+𝑥2𝑧
𝑑𝑧

• The most accurate method to measure 𝛼

• The shift of (𝑔 − 2)𝑒 by 𝜙 results in the measured 𝛼 by Δ𝛼 = 2𝜋Δ𝑎𝑒
[1].

• A measurement of 𝛼, which is not sensitive to 𝜙, using 87Rb atom [2] 
gives 0.66 ppb uncertainty. 

• Δ𝑎𝑒 < 1.5 × 10−12 (taking 2 S.D.)
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Resonance in Bhabha Scattering

• GSI group

• No resonance were found at 97% C.L. within the experimental 
sensitivity [1]

න𝑑 𝑠
𝑑𝜎

𝑑Ω
𝑐.𝑚.

< 0.5 b eV/sr.
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𝑒H Lamb Shift

• 𝛿𝐸𝐿
𝑙𝑁 = −

𝛼

2𝑎𝑙
𝜖𝑙𝜖𝑁𝑓(𝑎𝑙𝑁𝑚𝜙) (for lepton-nucleus)

𝑓 𝑥 =
𝑥2

(1+𝑥)4
, 𝑎𝑙𝑁 is the Bohr radius

• 𝛿𝐸𝐿
𝑒H < 14 kHz [1] (5.8 × 10−11 eV)
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Supernova 1987A [1]

• Cooling: produce 𝜙 to escape SN
electron-positron annihilation [2,3]
Nucleon-nucleon bremsstrahlung [4]

• Trapping: scatter (𝑒𝜙 → 𝑒𝜙), decay [5]

• Absorption: 𝑒𝜙 → 𝑒𝛾, 𝑁𝜙 → 𝑁𝛾 [5]
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